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! Introduction:	neutrinos	in	the	Universe
! Beyond	the	solar	system

! Questions:	
! Neutrino	masses
! Nature	of	the	neutrino:	Dirac	of	Majorana?
! Sterile	neutrinos?	
! BSM	neutrino	interactions	



!"#$%&'()*&'*$-"*6'&7"%)"
Beyond	the	Solar	System



8$*+*32+'/"9*"'"%3&")*+'0*:2#;")

! Cosmological	! (C! B)
! Non-relativistic!

! Supernova	! "#
! ! "10	s	burst,	thermal	

#! "10	MeV	
! ! "1	detection	per	century

! HE	(quasi-)	diffuse	!
! >0.1	PeV,	
! Hadronic	origin
! Some	from	Active	galaxies

"#
$%

&'()
*+

&
,-

"-
!"

#$
%

&./0
$-

.(
/)

-1
23

4-
.5

67
-&

89
&

:;<
=;

>&
8?

=@9
<A

Solar,
terrestrial atmospheric

Medium High
Ultra-low



<9*'"#$%&'(*1+))")



!"#$%&'(*1+))=*(%0"%&'3)>-&"%+%/-.

! Oscillations:	
mheaviest>0.05	eV

! Ordering/hierarchy
! !"#$%&$'()1	light,	2	
heavy

! *+%,-.() 2	light,	one	
heavy



Fig: Dvorkin et al., White paper for Astro2020 Decadal Survey
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! perturbations	suppressed	on	scales	smaller	than	the	! free-streaming	length:	( )* +
, - %

!

! Robustness?	
! E.g.,	degeneracy	with	Dark	Energy	density	at	low	redshifts		

! Synergy	with	lab	tests:	different	combinations	of	masses	and	mixings

! Future	consensus?		or	tensions	revealing	BSM	physics?	
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! delay	of	low-E	w.r.t.	to	
high	E

! Look	for	time	
distortion	of	! ms long	
neutronization peak	

! ! eV	sensitivity
! 4567 ,	JUNO,	Super-K

Fig:	Roberts	and	Reddy,	Handbook	of	Supernovae,	Springer	Intl.,	2017
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Dirac	of	Majorana?	
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! Capture	on	beta-decaying	nuclei

! 8(),#'*)(3*,&9#

! excess	electrons
! ~	2	mν beyond	A-decay	endpoint

! Rate	depends	on	Dirac/Majorana
nature Electron Kinetic Energy ! Ke "
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Figure 1 . A cartoon illustrating the expected signal from the C ! B and sterile neutrinos. The C ! B signal
is displaced from the beta decay endpoint by 2m! , and the sterile ! signal is displaced by m! + m4 where
m! is the active neutrino mass scale andm4 is the sterile neutrino mass. The signal and background are not
represented to scale. (CL: I am not sure about where to put this plot... maybe not in the intro...
)

2 Cosmic background neutrinos and their capture on tritum

In this section we will trace the history of a cosmic background neutrino: its creation in the early
universe, its evolution through the cosmic history, and its ultimate fate Ð capture by a tritium nucleus.
The story of the C! B is a textbook example of freeze out, and most cosmologists are familiar with
the relic abundance calculation by which we derive the temperature and density of the C! B neutrinos
today: TC! B = (4 / 11)1/3TCMB and nC! B ! 336 cm! 3. This abundance calculation obviously plays
a key role in assessing the detectability of the C! B, but as we will discuss, the properties of the
C! B neutrinos also play an important role. We will therefore review the physics of the C! B so as
to emphasize two critical points: the distinction between Dirac and Majorana neutrinos and the
distinction between helicity and chirality eigenstates. This section concludes with a calculation of the
expected event rate on a sample of tritium. As we will see, the expected detection rate for Dirac
and Majorana neutrinos di! er by a factor of 2, and since rates are already expected to be low at
a PTOLEMY-like experiment (about 10 / yr), even a factor of 2 can mean the di! erence between
successful detection and a null result.

2.1 Creation of the C ! B

In the hot, dense conditions of the early universe, the neutrinos maintained thermal equilibrium with
the plasma (electrons, positrons, and photons) through scattering processes such as

! e "# ! e and e+ e! "# ! ø! . (2.1)

At this time the neutrino abundance was given by the Fermi-Dirac distribution, f FD (p, t) = (1 +
exp[E/T (t)]) ! 1 where E =

!
p2 + m2

! and T(t) is the temperature of the plasma. (We will neglect
the possibility of a lepton asymmetry for now and return to this point in Sec. 5.1.) The processes in
Eq. (2.1) are mediated by the weak interaction, and as a result the scattering rate drops rapidly with
temperature, " ! G2

F

T5 where G
F

! 1.2 $ 10! 5 GeV! 2 is FermiÕs constant. Below a temperature
of Tfo ! few $ MeV, the rate of these reactions fell below the Hubble expansion rate,H ! T2/M

P

whereM
P

! 2.4$ 1018 GeV. At this point, the neutrinos could not scatter su# ciently frequently with
the plasma to maintain thermal equilibrium, and the neutrinos froze out. Today the relic neutrinos
carry the imprint of the weak interactions that kept them thermalized. In this subsection, we will
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S.	Weinberg,	Phys.Rev.	128	(1962)	1457–1473
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1 H ! 3

2 He + e!

Fig:	A.Long,	C.L.,	E.	Sabancilar,	JCAP	1408	(2014)	038	
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We would like to stress that one expects to find the C! B signal at an energy that is displaced by
2m

⌫

= O(0.1 eV) above the beta decay endpoint, K e = K end , and that the endpoint itself is displaced
by 3.4 eV below the Q-value of the decay. Since 3.4 eV ! m

⌫

one should take care not to confuse the
endpoint and the Q-value.

In Eq. (2.29) we have the capture cross section for a given neutrino mass and helicity eigenstate.
There are a total of six such initial states (j = 1, 2, 3 and s

⌫

= ± 1/ 2), and the C! B may contain
di! erent abundances of each, nj (! hL ) and nj (! hR ), as per the discussion of Sec. 2.2. We therefore
calculate the total C! B capture rate on a sample of tritium with mass M Tri by summing over the
cross section for each state weighted by the appropriate flux:

" C⌫B =
3!

j =1

"
" j (+1/ 2) v

⌫j nj (! hR ) + " j (" 1/ 2) v
⌫j nj (! hL )

#
NTri , (2.34)

where NTri = M Tri /m H3 is the approximate number of nuclei in the sample. Using Eq. (2.29) the
capture rate can be written as

" C⌫B =
3!

j =1

|Uej |2 "̄ 0 [nj (! hR ) + nj (! hL )]NTri , (2.35)

where "̄ 0 was given by Eq. (2.30), and we have also used A(" 1/ 2) # A(+1/ 2) # 1/ 2 in the non-
relativistic limit (see below Eq. (2.24)). Eq. (2.35) is the central result of this section. The neutrino
number densities are expected to be insensitive to the neutrino mass [5]. Using the unitarity relation,$

j |Uej |2 = 1, we can perform the sum over j to obtain

" C⌫B = "̄ 0
"
n(! hR ) + n(! hL )

#
NTri (2.36)

where n(! hL ) and n(! hR ) are the number densities of left- and right-helical neutrinos per degree of
freedom.

Let us now contrast the cases of Dirac and Majorana neutrinos using the relations derived in
Sec. 2.2. If the neutrinos are Dirac particles, then we saw that n(! hL ) = n0 # 56 cm! 3 and n(! hR ) = 0,
and the capture rate becomes

" D
C⌫B = "̄ 0n0NTri (2.37)

Alternatively, if the neutrinos are Majorana particles, then we found n(! hL ) = n(! hR ) = n0 #
56 cm! 3, and the capture rate becomes

" M
C⌫B = 2"̄ 0n0NTri . (2.38)

That is, the capture rate in the Majorana case is twice that in the Dirac case:

" M
C⌫B = 2 " D

C⌫B . (2.39)

The relative factor of 2 is a central result of our paper. It can be understood as follows. In the Dirac
case, we found that the C! B consists of only left-helical neutrinos and right-helical anti-neutrinos. If
these neutrinos were in the relativistic limit, where helicity and chirality coincide, the clearly only the
left-helical states could interact weakly. The right-helical states would be sterile, and only half of the
background neutrinos would be available for capture. Since the C! B is non-relativistic, both the left-
and right-helical states contain some left-chiral component, and therefore they both interact weakly.
The right-helical anti-neutrinos, however, still cannot be captured because of kinematical constraints:
the process !̄ +p $ n +e+ requires E

⌫

> (mn +me " mp) # 2MeV in the proton rest frame, but the
C! B neutrinos only carry E

⌫

# m
⌫

! eV. Thus in the Dirac case, only half of the C! B abundance
is available for capture. On the other hand, for the Majorana case we do not distinguish neutrinos
and anti-neutrinos in the same way, because lepton number is not a conserved quantity. Instead we
find that the C! B consists of left-helical neutrinos and right-helical neutrinos, that they all interact
weakly, and that they are all available for capture.
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We would like to stress that one expects to find the C! B signal at an energy that is displaced by
2m! = O(0.1 eV) above the beta decay endpoint, K e = K end , and that the endpoint itself is displaced
by 3.4 eV below the Q-value of the decay. Since 3.4 eV ! m! one should take care not to confuse the
endpoint and the Q-value.

In Eq. (2.29) we have the capture cross section for a given neutrino mass and helicity eigenstate.
There are a total of six such initial states (j = 1, 2, 3 and s! = ± 1/ 2), and the C! B may contain
di! erent abundances of each, nj (! hL ) and nj (! hR ), as per the discussion of Sec. 2.2. We therefore
calculate the total C! B capture rate on a sample of tritium with mass M Tri by summing over the
cross section for each state weighted by the appropriate flux:

" C! B =
3!

j =1

"
" j (+1/ 2) v! j nj (! hR ) + " j (" 1/ 2) v! j nj (! hL )

#
NTri , (2.34)

where NTri = M Tri /m H3 is the approximate number of nuclei in the sample. Using Eq. (2.29) the
capture rate can be written as

" C! B =
3!

j =1

|Uej |2 "̄ 0 [nj (! hR ) + nj (! hL )]NTri , (2.35)

where "̄ 0 was given by Eq. (2.30), and we have also used A(" 1/ 2) # A(+1/ 2) # 1/ 2 in the non-
relativistic limit (see below Eq. (2.24)). Eq. (2.35) is the central result of this section. The neutrino
number densities are expected to be insensitive to the neutrino mass [5]. Using the unitarity relation,$

j |Uej |2 = 1, we can perform the sum over j to obtain

" C! B = "̄ 0
"
n(! hR ) + n(! hL )

#
NTri (2.36)

where n(! hL ) and n(! hR ) are the number densities of left- and right-helical neutrinos per degree of
freedom.

Let us now contrast the cases of Dirac and Majorana neutrinos using the relations derived in
Sec. 2.2. If the neutrinos are Dirac particles, then we saw that n(! hL ) = n0 # 56 cm! 3 and n(! hR ) = 0,
and the capture rate becomes

" D
C! B = "̄ 0n0NTri (2.37)

Alternatively, if the neutrinos are Majorana particles, then we found n(! hL ) = n(! hR ) = n0 #
56 cm! 3, and the capture rate becomes

" M
C! B = 2"̄ 0n0NTri . (2.38)

That is, the capture rate in the Majorana case is twice that in the Dirac case:

" M
C! B = 2 " D

C! B . (2.39)

The relative factor of 2 is a central result of our paper. It can be understood as follows. In the Dirac
case, we found that the C! B consists of only left-helical neutrinos and right-helical anti-neutrinos. If
these neutrinos were in the relativistic limit, where helicity and chirality coincide, the clearly only the
left-helical states could interact weakly. The right-helical states would be sterile, and only half of the
background neutrinos would be available for capture. Since the C! B is non-relativistic, both the left-
and right-helical states contain some left-chiral component, and therefore they both interact weakly.
The right-helical anti-neutrinos, however, still cannot be captured because of kinematical constraints:
the process !̄ +p $ n +e+ requires E! > (mn +me " mp) # 2MeV in the proton rest frame, but the
C! B neutrinos only carry E! # m! . eV. Thus in the Dirac case, only half of the C! B abundance
is available for capture. On the other hand, for the Majorana case we do not distinguish neutrinos
and anti-neutrinos in the same way, because lepton number is not a conserved quantity. Instead we
find that the C! B consists of left-helical neutrinos and right-helical neutrinos, that they all interact
weakly, and that they are all available for capture.
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3 Detection prospects at a PTOLEMY-like experiment

Refs. [] AL: Eray, add cite performed a comprehensive study of various nuclei to assess which of
these would be suitable targets for C! B neutrino capture. It was concluded that with 100 g of tritium,
about 10 neutrino capture events per year is expected []AL: Eray, add cite . This conclusion also
follows from our own calculations, and Eqs. (2.37) and (2.38) give rates

! M
C! B ! 8.1 yr! 1 and ! D

C! B ! 4.1 yr! 1 (3.1)

for the Dirac and Majorana neutrino cases, respectively. These rates are limited only by the sample
size, since the C! B neutrino ßux is Þxed, and they are independent of the neutrino mass (for neutrinos
in the degenerate limit).

The challenge for neutrino capture experiments is energy resolution. As we saw in Eq. (2.31),
the C! B signal events are only displaced above the beta decay endpoint by" K e = 2m! . Unless the
detector resolution, " , is su# ciently smaller than 2m! , the signal will be swamped by the endpoint
electrons. For neutrinos in the degenerate regime,m! ! 0.1 eV, this requires an unprecedented
resolution of " ! 0.1 eV.

The recently-proposed PTOLEMY experiment will use 100 g of tritium as a target for C! B
neutrinos, and it is expected to achieve an energy resolution of" = 0 .1 " 0.2 eV [10]. As we shall see
in this section, with this resolution PTOLEMY will be able to probe neutrino masses in the degenerate
regime, i.e., m! ! 0.1 eV. If the energy resolution is improved to" = 0 .05 eV in a future experiment,
then C! B neutrinos as light as 0.1 eV could be detected.

3.1 Tritium beta decay rate

Tritium beta decay is the main background for the C! B neutrino capture events. Although the
beta decay end point energy is separated from the neutrino capture electron by 2m! , due to the Þnite
energy resolution of the experiment, the beta decay electrons can spread beyond the end point energy,
hence they act as a background. In this section, we shall study the e$ect of this background on the
prospects of detecting the C! B with neutrino capture.

The beta decay spectrum is given by [11]

d! "

dEe
=

3!

j =1

|Uej |2
ø" 0

#2 H (Ee, m! j )NTri , (3.2)

where

H (Ee, m! j ) #
1 " m2

e/E em H3

(1 " 2Ee/m H3 + m2
e/m 2

H3 )2

"

y
#

y +
2m! j m He3

m H3

$ %
y +

m! j

m H3

&
m He3 + m! j

'
(

, (3.3)

and y = me + K end " Ee and the other variables were introduced in Sec.2.3. Upon integrating
Eq. (3.2) over the electron energy, we Þnd the the total tritium beta decay rate to be

! " =
) "

m e

dEe
d! "

dEe
! 0.0549123NTri yr ! 1 , (3.4)

which is insensitive to the neutrino mass. For a 100 gram sample of tritium, this corresponds to

! " ! 1 $ 1024 yr! 1 . (3.5)

Comparing the neutrino capture signal rate in Eq. (3.1) with the beta decay background rate in
Eq. (3.5) we can see the immense challenge for C! B detection.
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We would like to stress that one expects to Þnd the C⌫B signal at an energy that is displaced by
2m! = O(0.1 eV) above the beta decay endpoint,K e = K end , and that the endpoint itself is displaced
by 3.4 eV below theQ-value of the decay. Since 3.4 eV ! m! one should take care not to confuse the
endpoint and the Q-value.

In Eq. (2.29) we have the capture cross section for a given neutrino mass and helicity eigenstate.
There are a total of six such initial states (j = 1 , 2, 3 and s! = ± 1/ 2), and the C⌫B may contain
di! erent abundances of each,nj (⌫hL ) and nj (⌫hR ), as per the discussion of Sec.2.2. We therefore
calculate the total C⌫B capture rate on a sample of tritium with mass M Tri by summing over the
cross section for each state weighted by the appropriate ßux:

" C! B =
3!

j =1

"
�j (+1 / 2) v! j nj (⌫hR ) + �j (" 1/ 2) v! j nj (⌫hL )

#
NTri , (2.34)

where NTri = M Tri /m H3 is the approximate number of nuclei in the sample. Using Eq. (2.29) the
capture rate can be written as

" C! B =
3!

j =1

|Uej |2 ø�0 [nj (⌫hR ) + nj (⌫hL )] NTri , (2.35)

where ø�0 was given by Eq. (2.30), and we have also usedA(" 1/ 2) # A(+1 / 2) # 1/ 2 in the non-
relativistic limit (see below Eq. (2.24)). Eq. ( 2.35) is the central result of this section. The neutrino
number densities are expected to be insensitive to the neutrino mass [5]. Using the unitarity relation,$

j |Uej |2 = 1, we can perform the sum overj to obtain

" C! B = ø�0
"
n(⌫hR ) + n(⌫hL )

#
NTri (2.36)

where n(⌫hL ) and n(⌫hR ) are the number densities of left- and right-helical neutrinos per degree of
freedom.

Let us now contrast the cases of Dirac and Majorana neutrinos using the relations derived in
Sec.2.2. If the neutrinos are Dirac particles, then we saw thatn(⌫hL ) = n0 # 56 cm! 3 and n(⌫hR ) = 0,
and the capture rate becomes

" D
C! B = ø�0n0NTri (2.37)

Alternatively, if the neutrinos are Majorana particles, then we found n(⌫hL ) = n(⌫hR ) = n0 #
56 cm! 3, and the capture rate becomes

" M
C! B = 2ø�0n0NTri . (2.38)

That is, the capture rate in the Majorana case is twice that in the Dirac case:

" M
C! B = 2 " D

C! B . (2.39)

The relative factor of 2 is a central result of our paper. It can be understood as follows. In the Dirac
case, we found that the C⌫B consists of only left-helical neutrinos and right-helical anti-neutrinos. If
these neutrinos were in the relativistic limit, where helicity and chirality coincide, the clearly only the
left-helical states could interact weakly. The right-helical states would be sterile, and only half of the
background neutrinos would be available for capture. Since the C⌫B is non-relativistic, both the left-
and right-helical states contain some left-chiral component, and therefore they both interact weakly.
The right-helical anti-neutrinos, however, still cannot be captured because of kinematical constraints:
the process ø⌫ + p $ n + e+ requiresE! > (mn + me " mp) # 2 MeV in the proton rest frame, but the
C⌫B neutrinos only carry E! # m! ! eV. Thus in the Dirac case, only half of the C⌫B abundance
is available for capture. On the other hand, for the Majorana case we do not distinguish neutrinos
and anti-neutrinos in the same way, because lepton number is not a conserved quantity. Instead we
Þnd that the C⌫B consists of left-helical neutrinos and right-helical neutrinos, that they all interact
weakly, and that they are all available for capture.
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3 Detection prospects at a PTOLEMY-like experiment

Refs. [] AL: Eray, add cite performed a comprehensive study of various nuclei to assess which of
these would be suitable targets for C! B neutrino capture. It was concluded that with 100 g of tritium,
about 10 neutrino capture events per year is expected [] AL: Eray, add cite. This conclusion also
follows from our own calculations, and Eqs. (2.37) and (2.38) give rates

! M
C! B ⇡ 8.1 yr! 1 and ! D

C! B ⇡ 4.1 yr! 1 (3.1)

for the Dirac and Majorana neutrino cases, respectively. These rates are limited only by the sample
size, since the C! B neutrino flux is fixed, and they are independent of the neutrino mass (for neutrinos
in the degenerate limit).

The challenge for neutrino capture experiments is energy resolution. As we saw in Eq. (2.31),
the C! B signal events are only displaced above the beta decay endpoint by " K e = 2m! . Unless the
detector resolution, " , is su# ciently smaller than 2m! , the signal will be swamped by the endpoint
electrons. For neutrinos in the degenerate regime, m! ! 0.1 eV, this requires an unprecedented
resolution of " ⇡ 0.1 eV.

The recently-proposed PTOLEMY experiment will use 100 g of tritium as a target for C! B
neutrinos, and it is expected to achieve an energy resolution of " = 0.1� 0.2 eV [10]. As we shall see
in this section, with this resolution PTOLEMY will be able to probe neutrino masses in the degenerate
regime, i.e., m! ! 0.1 eV. If the energy resolution is improved to " = 0.05 eV in a future experiment,
then C! B neutrinos as light as 0.1 eV could be detected.

3.1 Tritium beta decay rate

Tritium beta decay is the main background for the C! B neutrino capture events. Although the
beta decay end point energy is separated from the neutrino capture electron by 2m! , due to the finite
energy resolution of the experiment, the beta decay electrons can spread beyond the end point energy,
hence they act as a background. In this section, we shall study the e$ect of this background on the
prospects of detecting the C! B with neutrino capture.

The beta decay spectrum is given by [11]

d! "

dEe
=

3!

j =1

|Uej |2
"̄ 0

#2
H (Ee, m! j )NTri , (3.2)

where

H (Ee, m! j ) ⌘
1� m2

e/E em H3

(1� 2Ee/m H3 + m2
e/m 2

H3 )2

"

y
#

y +
2m! j m He3

m H3

$ %
y +

m! j

m H3

&
m He3 + m! j

'
(

, (3.3)

and y = me + K end � Ee and the other variables were introduced in Sec. 2.3. Upon integrating
Eq. (3.2) over the electron energy, we find the the total tritium beta decay rate to be

! " =

) "

m e

dEe
d! "

dEe
⇡ 0.0549123 NTri yr! 1 , (3.4)

which is insensitive to the neutrino mass. For a 100 gram sample of tritium, this corresponds to

! " ⇡ 1⇥ 1024 yr! 1 . (3.5)

Comparing the neutrino capture signal rate in Eq. (3.1) with the beta decay background rate in
Eq. (3.5) we can see the immense challenge for C! B detection.
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n(! hL ) = n0

n(! hR ) = n0

n(! hL ) = n0

n(! hR ) = 0

A.Long,	C.L.,	E.	Sabancilar,	JCAP	1408	(2014)	038	;		see	also	Lisanti,	Safdi and	Tully,	PRD90	(2014)	7,	073006

(rates	for	100	g	of	3H)
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! Non-photon	radiation	density,	
in	neutrino	units:
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! Sterile/active	mixing:	! 4	is	
populated,	Neff increases

! Reconciled	if	BSM	physics	
suppresses	mixing

! Lepton	asymmetry,	BSM	
interactions

Fig:	Griazzo,	De	Salas	&	Pastor:	JCAP	07	(2019)	014



! Example:	self-interacting	! s
! Coupling	stronger	than	
weak	interaction	

Fig: Hannestad , Hansen & Tram , PRL112, 031802 (2014)
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! Integrated	flux	from	all	
supernovae	in	the	universe

! Constant	in	time	(no	wait!)
! Detectable	within	a	decade	

! Tests	interactions	and	
oscillations	over	cosmological	
distances

! E.g.,	%//.*.&%'.,/#./',#&.>*'#
$(9.%',)3#?#9(;%<?#(';=

Fig:	Fogli,	Lisi,	Mirizzi	and	Montanino,	PRD	70	(2004)	013001
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2.2 Helicity composition of the C ! B

Next, let us turn to the question of the neutrino spin state at production. Recall that a ÞeldÕs
chirality determines its transformation property under the Lorentz group, and that the weak
interaction is chiral in nature, e.g., the left-chiral component of the electron interacts with the
weak bosons, but the right-chiral component does not. Therefore neutrinos (anti-neutrinos)
are only produced in the left-chiral (right-chiral) state. Chirality should not be confused with
a particleÕs helicity, which is given by the projection of its momentum vector onto its spin
vector.

Since the C⌫B neutrinos are ultra-relativistic at freeze out (Tfo ! m! ), we do not (yet)
need to explicitly distinguish helicity and chirality, which exactly coincide for massless par-
ticles. For simplicity, here we will use the terminology Òleft-handedÓ to refer to a relativistic
state that is left-helical and left-chiral, and we do similarly with the right-handed states.

At this point is it convenient to enumerate all possible spin states. If the neutrinos are
Dirac particles then we have four degrees of freedom per generation, which we will label as

⌫L left-handed active neutrino
ø⌫R right-handed active anti-neutrino
⌫R right-handed sterile neutrino
ø⌫L left-handed sterile anti-neutrino

. (2.11)

Neutrinos and anti-neutrinos are distinguished by their lepton number, which is a conserved
quantity. The states ⌫L and ø⌫R are active in the sense that they interact via the weak
interaction, while in contrast ⌫R and ø⌫L are labeled as sterile because they interact only via
the Higgs boson (i.e., the mass term). This interaction is suppressed by a very small Yukawa
coupling y! " m! /v " 10! 12, where v " 246 GeV is the vacuum expectation value of the
Higgs Þeld.

The production mechanisms we have discussed above clearly apply only to the active
states, which therefore acquire the abundance,n! (z), given by eq. (2.7). Meanwhile, the
sterile neutrinos can not come into thermal equilibrium with the SM, so it is reasonable to
assume that their relic abundance is negligible compared to that of the active states.4 Then,
for the Dirac case, we expect the spin state abundances to be

n(⌫L ) = n! (z)

n(ø⌫R) = n! (z)

n(⌫R) " 0

n(ø⌫L ) " 0

(2.12)

wheren! (z) is given by eq. (2.7). The total C ⌫B abundance is given by 6n! (z) after summing
over spin and ßavor states.

4One cannot exclude the possibility that there was a primordial abundance of sterile neutrinos, and to
answer this question unambiguously one would have to specify the physics of the reheating phase that followed
inßation. Nevertheless, it seems unlikely that this abundance was as large asn! (z) at the time of neutrino
freeze out. As each of the SM fermion species froze out during the thermal history, they transferred their
entropy to the remaining thermal species. Each of these entropy injections would have diluted the decoupled
sterile neutrinos. (The physics is identical to the suppression of the C ! B abundance relative to the CMB
abundance after e+ e! annihilation.)
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are the neutrino momentum and the e! ective neutrino temperature, respectively. Here they
are expressed in terms of the momentum variable pfo, the neutrino temperature and redshift
at freeze out, Tfo and zfo ! 6 " 1010.

After neutrino freeze out, the C! B relic abundance is given by eq. (2.2), where eq. (2.4)
gives the e! ective neutrino temperature. As the universe expands, z decreases and so too
does T! . Meanwhile the photons redshift like

T" (z) =
1 + z
1 + zfo

g! (zfo)1/ 3

g! (z)1/ 3
Tfo , (2.5)

where g! (z) = 45s(z)/ [2" 2T(z)3] and s(z) is the entropy density at epoch z. After electron-
positron annihilation freezes out at T # 100 keV, this entropy is transferred to the photons,
which causes them to cool less quickly. This leaves the C! B at a relatively lower temperature,

T! # (4/ 11)1/ 3T" . (2.6)

We can extrapolate until today when the temperature of the CMB is measured to be T" =
0.235meV [5]. Then, the relationship above predicts the current temperature of the C! B to
be T! = 0.168meV. Using eq. (2.2) this corresponds to a number density of

n! (z) = n0(1 + z)3, (2.7)

where

n0 # 56 cm" 3 (2.8)

per degree of freedom or 6n0 # 336 cm" 3 for the entire C! B. Using eq. (2.3), the root mean
square momentum of neutrinos in the present epoch can be found to be

p0 # 0.603meV . (2.9)

Since we are only interested in m! ! 0.1 eV for the direct detection purposes, and p0 $
m! % 0.1 eV, we assume that the C! B neutrinos are extremely non-relativistic today.

(ii) quantum decoherence. As previously mentioned, neutrinos are produced as flavor
eigenstates, ! # , which are a coherent superposition of mass eigenstates, ! i : ! # =

!
i U# i ! i ,

with U being the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [19–21] probed by os-
cillation experiments.

Over time, the neutrino wavepacket decoheres as the di! erent mass eigenstates ! i prop-
agate at di! erent velocities [22]. The timescale for this decoherence, " t, can be estimated

by solving (v1 & v2)" t # # where vi # p/
"

p2 + m2
i # 1 & m2

i / 2p2 are the velocities of two

mass eigenstates and # # p" 1 is the Compton wavelength of the wavepacket. The solution
for " t , in units of Hubble time (H " 1 # M P /T 2), is:

" t
H " 1 #

2p
m2

2 & m2
1

T2

M P
# 10" 7 , (2.10)

where we used m2 # 2m1 # 0.1 eV and p # Tfo # 1MeV. It is found that the flavor eigenstate
C! B neutrinos quickly decohere into their mass eigenstates on a time scale much less than one
Hubble time [23]. Since we do not expect the decoherence to a! ect the relative abundances,
we then conclude that neutrinos with the mass values of interest here, are present in the
universe today as mass eigenstates, equally populated with an abundance given by eq. (2.2).
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2.2 Helicity composition of the C ! B

Next, let us turn to the question of the neutrino spin state at production. Recall that a ÞeldÕs
chirality determines its transformation property under the Lorentz group, and that the weak
interaction is chiral in nature, e.g., the left-chiral component of the electron interacts with the
weak bosons, but the right-chiral component does not. Therefore neutrinos (anti-neutrinos)
are only produced in the left-chiral (right-chiral) state. Chirality should not be confused with
a particleÕs helicity, which is given by the projection of its momentum vector onto its spin
vector.

Since the C! B neutrinos are ultra-relativistic at freeze out (Tfo ! m! ), we do not (yet)
need to explicitly distinguish helicity and chirality, which exactly coincide for massless par-
ticles. For simplicity, here we will use the terminology Òleft-handedÓ to refer to a relativistic
state that is left-helical and left-chiral, and we do similarly with the right-handed states.

At this point is it convenient to enumerate all possible spin states. If the neutrinos are
Dirac particles then we have four degrees of freedom per generation, which we will label as

! L left-handed active neutrino
ø! R right-handed active anti-neutrino
! R right-handed sterile neutrino
ø! L left-handed sterile anti-neutrino

. (2.11)

Neutrinos and anti-neutrinos are distinguished by their lepton number, which is a conserved
quantity. The states ! L and ø! R are active in the sense that they interact via the weak
interaction, while in contrast ! R and ø! L are labeled as sterile because they interact only via
the Higgs boson (i.e., the mass term). This interaction is suppressed by a very small Yukawa
coupling y! " m! /v " 10! 12, where v " 246 GeV is the vacuum expectation value of the
Higgs Þeld.

The production mechanisms we have discussed above clearly apply only to the active
states, which therefore acquire the abundance,n! (z), given by eq. (2.7). Meanwhile, the
sterile neutrinos can not come into thermal equilibrium with the SM, so it is reasonable to
assume that their relic abundance is negligible compared to that of the active states.4 Then,
for the Dirac case, we expect the spin state abundances to be

n(! L ) = n! (z)

n(ø! R) = n! (z)

n(! R) " 0

n(ø! L ) " 0

(2.12)

wheren! (z) is given by eq. (2.7). The total C ! B abundance is given by 6n! (z) after summing
over spin and ßavor states.

4One cannot exclude the possibility that there was a primordial abundance of sterile neutrinos, and to
answer this question unambiguously one would have to specify the physics of the reheating phase that followed
inßation. Nevertheless, it seems unlikely that this abundance was as large asn! (z) at the time of neutrino
freeze out. As each of the SM fermion species froze out during the thermal history, they transferred their
entropy to the remaining thermal species. Each of these entropy injections would have diluted the decoupled
sterile neutrinos. (The physics is identical to the suppression of the C ! B abundance relative to the CMB
abundance after e+ e! annihilation.)
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